Abstract. The valence 4s electron momentum distribution in zinc has been measured using EMS at a total energy of 1000 eV. It is in good agreement with the momentum distributions given by the Hartree-Fock 4s wavefunction. The (3d)-' cross section has also been measured and excitation of the 3d" 4p('P,,, 'P,,*) ion states is observed, showing the importance of the 3d" 4p2 configuration in the ground state. This is the first direct measurement of an orbital momentum distribution for an atomic orbital which is not occupied in the independent-particle ( H F ) model. Detailed C I calculations have been carried out on both the target ground state and final ionic states.'
Introduction
Electron momentum spectroscopy (EMS) has shown itself to be a powerful technique for investigating the valence electronic structure of both atoms and molecules Weigold 1976,1988) . It measures the momentum space overlap between the initial state and final ionic state as well as the electron separation energies. It is of interest to determine the extent to which single-particle Hartree-Fock wavefunctions describe the valence orbitals of group I1 atoms and to determine the extent of electron correlations in their ground states. We have therefore undertaken to study some of these atoms using EMS. We have already reported results for the group IIB atom cadmium (Frost et a1 1983) , and we here report work on zinc, both atoms having valence electronic configuration ( n -l)d"ns2 'S. We will shortly report results on the group IIA element Mg (Pascual et a1 1988) .
Group I1 atoms can exhibit strong initial-state configuration interaction ( ISCI) in the ground state and for the higher atomic numbers may also deviate from the simple Hartree-Fock approximation due to relativistic effects. Ground-state CI effects were seen in the case of cadmium and CI calculations for the Cd ground state and several Cd' ion states were used to calculate the square of the momentum space overlap function between the many-body ground and final ionic states. The EMS cross section is just proportional to this momentum-dependent structure factor. In the case of Cd, the calculated predictions were in agreement with the measurements (Frost et a1 1983) .
The valence separation energy spectrum of atomic zinc has been studied in PES using He I and He I I radiation by Siizer et a1 (1976) and by Hush and Siizer (1977) . Siizer et a1 found three main peaks at 9.39, 17.17 and 17.50eV corresponding to the Hush and Siizer (1977) . The 3dI04p satellite lines were attributed to 1 x 1 , but no quantitative statement could be made since no adequate photoelectron reaction calculations existed. Hansen (1977) carried out a multiconfiguration Hartree-Fock ( MCHF) calculation for Zn and found that the square of the coefficient of the 3dI04p2 IS configuration in the M C H F expansion for the ground state was 0.060. He then compared this directly with the observed PES satellite intensity relative to the ground state (4s)-' intensity. This ignores the obvious differences between the 4p and 4s wavefunctions and the large difference in energies and momenta of the respective low-energy photoelectrons. The comparison can therefore at best be regarded as qualitative, and certainly no quantitative conclusions could be drawn.
EMS spectroscopy permits the measurement of both the spectroscopic factors and the momentum distributions of the one-electron overlap function between the initial ground and final ionic states. It does this not only for all of the main transitions but also for the satellite lines, from which the extent of correlation effects can be determined and each ion state can therefore also be assigned to the respective dominant singleparticle configuration. In this paper we report the momentum distributions of the main transitions leading to the 3dI04s and 3d94s2 *Ds,*,'D3,* ion states and of the transition leading to the 3dI04p 2P3,2
We also report the results of a configuration-interaction calculation, which predicts the relative cross sections for the dominant 4s transition and also that for the 3d transition and the cross sections for exciting the 3dI04p ion states. The latter transition is due to (4p)* components in the Zn ground state. It thus offers the possibility of measuring the momentum distribution of an orbital which is not occupied in the independent-particle (i.e. HF) ground state, and the cross section provides a stringent test of the current models for incorporating electron correlations.
states.
Method and equipment
The method and equipment used have been described in earlier publications (Frost et a1 1986 , Cook et a1 1984 , McCarthy and Weigold 1985 and only a brief description will be given here.
A differentially pumped electron gun provided an electron beam of approximately 50 PA, which passed vertically through a water-cooled stainless steel target chamber. A crossed beam of atomic zinc vapour effused from an oven nozzle and condensed on the opposite wall of the target chamber. The two outgoing electrons were detected in coincidence after energy analysis in twin hemispherical electron spectrometers, which had position-sensitive microchannel plate detectors mounted at their exits in order to allow a range of energies to be measured concurrently. The resistively heated oven was constructed from non-magnetic stainless steel (type 310) and was filled from the rear with approximately 2 cm3 of 99.9% pure powdered zinc before being screwed shut. The nozzle (0.7 mm diameter and 10 mm length) was heated independently and maintained at a temperature of about 470 "C, approximately 100 "C hotter than the body of the main oven chamber. Radiation shields and water-cooled copper baffles were placed around the oven to minimise heat loss and also to prevent excessive heating of the nearby channel plates, the gain of which was found to increase markedly with temperature. On several occasions, excessive heating of the electron detectors resulted in malfunctions of the detectors. This problem was corrected before obtaining the results reported here.
Binding energy spectra spanning the energy interval 5-23 eV were measured at each of 13 azimuthal angles 4 = T --4J2 ranging from -2" to 30" (at -2, 0, 2, 4, 6, 8, 10, 12, 15, 18, 21, 25, 30") . Each run consisted of repeated scans over all the angles 4, and at each 4 the whole binding energy was scanned. The base incident energy E was 1000 eV, to which a variable separation energy E , was added, so that the central energies of the two outgoing electrons could be held fixed at E , = E2 = 500 eV, with each channel plate looking at an energy window of 6eV, the actual energy being determined by position-sensitive detection of the electrons passing through the hemispherical analysers. The data were obtained in a binning mode such that at each azimuthal angle each part of each binding energy spectrum was collected for an equal time from each pair of positions on the two channel plates within the usable range (500 f 3 eV). This was achieved by repeatedly scanning the separation energy E, (see Cook et a/ 1986 for details). Momentum distributions were extracted from the sequentially obtained angle-correlated binding energy spectra, maintaining relative normalisation. The symmetric ( 8' = O2 = 45") non-coplanar spectrometer had a momentum resolution of approximately 0.1 au and an energy resolution of 1.34 eV FWHM, obtained from accurate measurements of the He(e, 2e)Het ground-state transition. Measurements were also carried out at seven relative azimuthal angles ( 8 = 0-30" in 5" steps) using another mode, which examined a fixed range of binding energies, about 12 eV in the present case (see Cook et a/ 1984) . This mode was run with the central binding energy at each angle set in turn at 9.4 eV (for the 4s-' transition) and 16.5 eV (for the much weaker 3d-' and 4p-' transitions). As in the binning mode, many repeated scans over the whole range of angles and energies were carried out.
The positions of the main peaks for the various valence transitions are known accurately from PES work (Suzer et a/ 1976, Hush and Suzer 1977). The 4s-' groundstate transition occurs at 9.39 eV, the 3d94s2 2D5/2,3/2 at 17.17 and 17.50 eV respectively and the 3dI04p 2P1/2,3/2 at 15.40 and 15.51 eV respectively. The momentum distributions were determined for the various transitions by using the known energy resolution function and calculating the fitted areas under the corresponding peaks in the separation energy spectra at each out-of-plane azimuthal angle 4, and then relating 4J to the ion recoil momentum and hence to the electron momentum (McCarthy and Weigold 1976) by (1) where p o , pi and p 2 are the momenta of the incident and two outgoing electrons respectively. Since the P1,2,3/2 and D312,s12 spin-orbit doublets are closely spaced relative to the energy resolution of the coincidence spectrometer, only one peak was used to fit both of the 3dI04p transitions and the 3d94s2 transitions.
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Results and discussion
The non-coplanar symmetric triple differential cross section for a transition to a final ion state I T , ) is given in the plane wave impulse approximation using atomic units by (McCarthy and Weigold 1976) 
where K = Ipo-pII = Ipo-p21 is the magnitude of the momentum transfer and 7 = l/lpl -p21. The structure factor IGf(p)12 is the square of the momentum space overlap between the initial target state IW,) and the final ion state lWf), and is most conveniently written as a reduced matrix element using second quantised notation (Mitroy er a1 1984 , Cook et a1 1986 , McCarthy and Weigold 1988 :
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The operator a; is a second quantised annihilation operator, Jo is the angular momentum of the initial state and q!JL(p) is the momentum space representation of a singleparticle orbital. The total strength W,, ( p ) of the transitions belonging to a particular symmetry manifold ja is
This provides a natural definition of the spectroscopic factor or pole strength for a particular manifold, Sf,,(P) = IGf(P)l*/ W , , ( P ) .
( 5 )
By definition, the spectroscopic factors satisfy the sum rule
In the target Hartree-Fock approximation (THFA) the wavefunction of the target atom is assumed to be well described by the Hartree-Fock ( H F ) wavefunction IQo), where & ( p ) is the momentum space wavefunction of the H F orbital from which the electron has been ejected. In this approximation the spectroscopic factor is independent of p and simplifies to Sf,Ja = (2j+ ~)~'I(*~lldllQo)12 (8) which is just the square of the amplitude of the single-hole configuration (q!J;)-' in the ion state and consequently the cross section is proportional to IGf(p)12= SL,A~L(P)I'.
Since the ( np2 'So) configuration is 'quasi-degenerate' with the ( ns' 'So) configuration in group I1 atoms such as zinc (Kim and Bagus 1973) , considerable configuration interaction could be present in the outer valence shell. We have therefore carried out a C I calculation for Zn and Zn+ using Hartree-Fock wavefunctions as a starting point, considering only correlations between the two valence electrons in the 4s subshell. The Hartree-Fock total ground state energy is -1777.8477 au, and the energy of the 4s' electron pair in the central self-consistent potential of the other 28 electrons is -0.8982 au. The C I wavefunction for the Zn ground state can be written as where reference to the (frozen-) core electrons (ls2-3d") has been suppressed. The virtual orbitals were defined by a two-step procedure. Firstly, for each partial wave from 1 = 0 to 1 = 2 separate C I calculations including only the 14s' ) configuration and configurations of the type I nln'l) were used to determine the principal 'natural orbitals' by diagonalising the resulting single-particle density matrices for each value of 1. These natural orbitals (4s, 4p, 4d, 5s, 5p) were then incorporated in the single-particle basis set.
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The C I wavefunction for the Zn ground state is / ' P O ) = 0.970614S2)+ 0.236114P') -0.0236/a2) -0.039315S2) + 0.01 1 llG*). (11) The energy of the 5s' pair in the (ls2-3dI0) field is -0.9318 au. As expected the dominant contribution comes from the natural orbitals. The Zn I I ion states 14s ' S l l 2 ) , 15s and 14p 2P1/2,312) were calculated using the frozen-core target H F approximation. The resulting energies in the H F frozen-core field are E4s. = -0.6162 au, ESs, = -0.2478 au and = -0.4143 au, where the ion orbitals are denoted by a prime in order to avoid confusion. The relevant overlap integrals are (G14s') = 0.9891, (4Sl5s') = -0.1437, (514s') = 0.1355, (515s') = 0.8270, ( q / 4 p ' ) = 0.9894 and ($14~') = -0.1442.
The separation energies and overlap functions for the ion states are presented in table 1, where only the two outer electrons in the ground state have been taken into account (i.e. only states with n 2 4 have been included).
, Table 1 . Separation energies (in au) and overlap functions for the (e, 2e) reaction on zinc. The overlap functions arising from the various orbitals ( n 3 4) are in the labelled column. The cross sections for transitions leading to the (3dI04s), (3dI05s) and (3dI04p) ion states are obtained by squaring the overlap function and multiplying by two the number of target electrons. Thus the (e, 2e) transition from the zinc ground states to the ground state of the ion (3dI04s) should be dominated by the 4s orbital of the ground state, with only a very small contribution from the 5 natural orbital. Table 1 shows that the CI calculation predicts a loss of intensity of the order of 16% for the ground-state transition over that predicted by the frozen-core independent-particle model. This loss of intensity is due to several effects. Firstly the ion and atom 4s orbitals are not the same, which results in what is commonly referred to as the 'relaxation' effect. Secondly the amplitude for the 4s2 configuration in the expansion for the target wavefunction is less than unity (equation (1 1)). Finally the contribution from the 53 orbital interferes destructively with c$z( p) (see table 1 ).
Examples of the measured separation energy spectra are shown in figure 1 . Figure   1 The measured angular correlation for the ground-state transition at 1000 eV is shown in figure 2( a ) compared with the plane-wave impulse approximation cross section obtained by using the calculated C I overlap function (see column 1 in table 1) between the atom and ion ground states (full curve). Since absolute cross sections were not measured in the present experiment, the data have been arbitrarily normalised to the square of the C I overlap function multiplied by the number of target electrons (the kinematical variables in equation ( 2 ) introducing a negligible variation as a function of angle). Momentum resolution effects have not been allowed for. These broaden the measured distribution slightly. Agreement between the measured and calcuiated momentum profiles is excellent. The broken curve in figure 2 ( a ) is the 1000 eV P W I A cross section obtained using the 4s Hartree-Fock wavefunction as the overlap function. This is equivalent to the frozen-core independent-particle approximation for the target and ion. If correlations are important only in the final state (THFA), the broken curve would still give the shape of the cross section but its absolute value would be reduced by the spectroscopic factor S,, which would then be less than unity (equations (8) and (9)). The simple H F 4s cross section should be larger than that given by the C I overlap function since, as discussed earlier, the latter leads to a loss of intensity due to correlation and relaxation effects. In order to allow for a direct comparison of the shapes of the calculated cross sections with each other and the data, the 4s H F cross section has therefore been multiplied by a factor of 0.84 in figure l ( a ) description of the behaviour of the outer two valence electrons in Zri. The small, but nevertheless significant, differences between the shapes of the curves arise frotn the extra components in the C I overlap function (column 1 in table 1). Given the present experimental uncertainties it is difficult to decide between the two calculated cross section shapes. The momentum distribution measured at a separation energy of 15.5 eV is shown in figure 2 ( b ) . This transition, which leads to the 3dI04p 2P,,2,3,2 ion states at 15.40 and 15.51 eV, is dominated by 44p(p) (column 3 in table 1). The transition can only occur if there are electron correlation effects leading to ( n p ) * configurations for n 3 4 in the ground-state zinc wavefunction (equation (11)). The curve in figure 2 ( b ) is the calculated cross section given by the square of the overlap function obtained in the present C I calculation. Although the errors in the measurements are relatively large due to the small cross section for this transition (see also figure 1 ) the agreement between the predictions of the present C I calculations and the data is very good. The present C I wavefunction for the Zn ground state (equation (1 1)) is in close agreement with that obtained by Hansen (1977) , who obtained 0.971 and 0.238 for the coefficients of the first two terms, namely for the (4s)' and ( 4~)~ configurations respectively. The present data suggest that the (4p)' contribution to the ground-state wavefunction may be a little larger than that given by these calculations, although there is no significant discrepancy.
The momentum distribution measured at a separation energy of 17.3 eV, shown in figure 2(c), should be dominated by the 3d-' transition which leads to the 3d94s2 *D5,*, 2D3,2 ion states at 17.17 and 17.50eV. This spin-orbit splitting cannot be resolved with the present energy resolution. Since both the ground-state 3d1'4s and the 17.3 eV transitions were measured concurrently, no separate normalisation was required for the 17.3 eV transitions, and the data in figure 2( c) are therefore normalised relative to the ground-state cross section ( figure 2(a) ), the peak in the 17.3 eV cross section being approximately 1 YO of the peak ground-state cross section.
In the present calculation it has been assumed that 3d electrons are part of a fixed core. Therefore the shape of the calculated cross section for 3dy4s2 ion states at around 17.3 eV should be determined by the 3d H F momentum distribution. The cross section obtained using the 3d H F orbital wavefunction is shown by the full curve in figure 2(c). The agreement in both magnitude and shape is quite good except in the very low momentum region, where the 3d wavefunction goes to zero, and hence the 3d cross section should also go to zero. Although the statistics are poor, the data do suggest a finite cross section at low momentum (psO.4). This was also observed in the case of the 4d-' transition in cadmium (Frost et a1 1983) , where the low momentum components could be explained as background contributions from the neighbouring transitions to the 4dI06s ion state and the 4d1'5p 2P1,2,2P3/2 ion states. In the case of zinc, however, this explanation is not valid. The 3d1'5s 'SI,* ion state occurs at a separation energy of 20.35 eV, well removed from the 3dy4s2 ion states.
The present C I calculation predicts a finite overlap between the zinc ground state and the 3dI05s ion state. The overlap function, which is given in column 2 of table 1, is dominated by 4 x ( p ) . The cross section to the 3d1'5s *S,,* ion state should therefore have a shape very similar to that for the ground-state transition shown in figure 2( a ) . The magnitude of the cross section is, however, much smaller than that for the ground state. The square of the overlap function, multiplied by the electron occupancy of 2, is 0.85 and 0.69 at p =0.1 for the 3dI05s and 3dI04s transitions respectively. This compares with the value of 0.55i0.25 obtained from the present data for the 5s transition at 20.35 eV. The C I calculation therefore seems to overestimate this cross section slightly.
Summary
The momentum densities obtained using a calculated C I overlap function are in excellent agreement with the measured 4s ground-state transition. The Hartree-Fock 4s wavefunction also gives a good description of this transition, although it predicts a cross section about 20% higher than that given by the full overlap calculation. Transitions are also observed to the 3d104p2P1/2,3,2 ion state doublet, clear evidence of correlation effects in the zinc ground-state wavefunction. The measured 4p momentum profile is the first clean measurement of an orbital momentum distribution for an atomic orbital which is unoccupied in the H F independent-particle model. The calculated cross section, mainly due to ( 4~)~ components in the zinc ground-state wavefunction, are in reasonabiy good agreement with the measurements, both in shape and in magnitude. This provides a sensitive test of configuration interaction in the ground-state wavefunction. Their magnitude is, however, well predicted by the calculations using the frozen-core 3d Hartree-Fock wavefunction. Their shape is also reasonably well described by the 3d wavefunction except at low momentum where the data show a slight excess in the cross section compared with that calculated.
